This study was conducted to evaluate the effects of an electric pulse (electroporation/ electropermeabilization) on the binding of foreign DNA molecules to porcine spermatozoa. We previously examined various parameters involved in the association of foreign DNA with sperm after a simple incubation procedure and now report the effects of electroporation on this association. Using end-labeled and random primer labeled X HindIII DNA fragments (23-0.125 kb), it was demonstrated that the DNA fragments interacted with the sperm after electroporation. These samples were then centrifuged and washed extensively to establish if any of the labeled DNA was associated with the spermatozoa. It was determined that approximately lo8 molecules of DNA were associated with 1.5 x lo7 mL-' motile spermatozoa after five medium washes. After each wash, samples were withdrawn for gel analysis and scintillation counting. Gel analysis followed by autoradiography revealed the distinctive band pattern of X HindIII DNA associating with sperm. In situ visualization studies with biotin-labeled DNA revealed that approximately 75 % of motile sperm carried DNA bound to the post-acrosomal region. However, the intensity of the binding varied, with some sperm being more strongly stained than others. Using [3H]dCTP-labeled DNA followed by light microscope autoradiography, approximately 70% of the sperm were strongly stained in the post-acrosomal region. There was a 5-10% increase in the amount of DNA bound by sperm when the samples were electroporated.
INTRODUCTION
The transfer of exogeneous DNA into somatic cells or zygotes to produce transgenic animals is well established. Several techniques have been used to produce transgenic animals, including microinjection of DNA into zygote pronuclei and retroviral infection of fertilized eggs. Production of transgenic domestic animals by pronuclear injection has been limited by oocyte recovery methods, their poor response to superovulation compared to rodents, and problems in the visualization of pronuclei [6] . Due to the technical difficulties of this procedure and the high mortality of the manipulated ova, the generation of transgenic domestic 106 R. Horan et al.
animals through the use of microinjection has not yet yielded the success rates previously described in the mouse.
Lavitrano et al. [3] reported that the incubation of washed mouse sperm in the presence of fragments of recombinant DNA, and subsequent in vitro fertilization could lead to the incorporation of DNA into the mouse genome. Mouse eggs fertilized in vitro by treated sperm were introduced into the oviducts of foster mother mice. In an analysis of 250 offspring, the foreign gene was found to be expressed in approximately 30% of the progeny. Subsequently, Horan et al. [12] demonstrated the association of foreign DNA with porcine spermatozoa. Under the experimental conditions used, it was calculated that approximately 3.8 x 10' D N A molecules were associated with each spermatozoon. Electroporation of cells has been used successfully to transfer and study the expression of gene products in various cell types where other methods have failed or have had very low transfer frequencies. This technique has been applied to the introduction of exogeneous D N A into cultured cell lines, mammalian embryonic stem cells, isolated embryonic vesicles, dicot plant protoplasts, monocot plant protoplasts, trypanosomes, and bacteria. In this study we have analyzed the effect of electroporation on the association of DNA with porcine sperm. It was observed that sperm became permeable to exogenous DNA and that there was a 5-10% increase in exogenous DNA binding to sperm following electropermeabilization.
MATERIALS AND METHODS
Media. The medium used for the culture and labeling of porcine sperm was a modified Tyrodes medium, BWW [I], containing 0.5% bovine serum albumin (Fraction V, ICN Biomedicals Ltd, High Wycombe, Buckinghamshire, UK). The electroporation pulse medium was composed of 260 mM sucrose, 5 mM HEPES (pH 7.3-7.4), 50 &mL polyvinyl alcohol (MW 125,000), and 5 mM CaCI, . 2H20 [7] . Sperm Preparation. Boar semen from a Landrace boar (Deerpark Pedigree Pigs, Co. Derry, Northern Ireland) was obtained in semen extender (Boar Diluent I; Merck, Darmstad, Germany) within 24 h of production. Motile spermatozoa were selected by layering 1 mL of the sample over a simple discontinuous two-step Percoll gradient [8] . Percoll gradients were prepared by carefully layering 1 mL of a 47.5% Percoll layer (4.75 mL Percoll; 0.25 mL 20 x HEPES-buffered saline; 5.0 mL BWW medium) over 1 mL of 95% Percoll (9.5 mL Percoll; 0.5 mL x 20 HEPES-buffered saline). The gradient was centrifuged for 25 min, 300g at 37°C. The diffuse sperm pellet was washed in BWW medium containing 0.5 % bovine serum albumin by centrifugation at 300g for 8 min.
DNA Preparation. Two different populations of DNA molecules were used in this study. The first was a series of DNA fragments of defined sizes, ranging from 0.125 to 23 kb, derived from digestion of bacteriophage X DNA with the restriction enzyme HindIII (A HindIII, Boehringer, Mannheim). The second DNA population, p[RSV-bGH], was a recombinant plasmid DNA molecule containing a viral promoter fused to the bovine growth hormone gene. When digested with the restriction enzyme Sca 1, it results in a DNA fragment of approximately 4 kb ( Fig. l a , b ) .
Labeling of the DNA molecules with either [32P]dCTP (Amersham, UK) isotope for radioactive analysis or biotin-dATP for nonradioactive analysis was performed by either end-labeling [5] or oligolabeling with random primers (Amersham Multiprime DNA labeling system).
Spermatozoa-DNA Interaction.
Motile selected porcine sperm were prepared by percoll gradient centrifugation and subsequent sperm washing in BWW medium. The sperm were resuspended to a Electropermeability and Pig Sperm 107 concentration of 2 x lo7 sperm/mL in pulse medium (750 pL), and 1 pg labeled h HindIII DNA was added. The reaction mixture was then subjected to a single high-voltage pulse with an average time constant of 2.4 ms at 20-22°C. The pulse was delivered via a Bio-Rad gene pulser, in a 1.4-mL semimicro cuvette (Bio-Rad Laboratories Inc, Richmond) as described by Tomkins and Houghton [7] . In another set of experiments the sperm sample was incubated with 1 pg h Hind111 DNA, as previously described [2] . Following sperm-DNA interaction, studies on the association of h HindIII DNA with porcine sperm were carried out.
Auroradiography. Following sperm-DNA interaction (as previously described), sperm samples were washed thoroughly with BWW medium by centrifugation in a microcentrifuge. The supernatants were removed and the pellets were resuspended in 100 p1 BWW medium. A total of 5 washes were carried out. Counts of sperm number were carried out microscopically at 400 x magnification (Nikon Optiphot microscope) after each wash. Samples of the sperm pellets (P,-P,) and supernatants were analyzed by agarose gel electrophoresis and liquid scintillation counting. Agarose gels were run for 5 h at 60 V and subsequently thinned down in an 80°C oven. They were then exposed to Fuji RX film with intensifying screens at -70 "C.
A second type of DNA (p[RSV-bGH]) was also incubated with 1 X lo7 spermatozoa and the sperm-DNA interaction was carried out as previously described. Following electroporation of sperm in the presence of labeled p[RSV-bGH] DNA, spermatozoa was washed 5 times in a microcentrifuge
FIGURE 1 (a) Restriction analysis of p[RSV-bGH] with restriction enzyme Scul.
with BWW medium to remove unbound labeled DNA. Samples of the resuspended sperm pellets and supernatant washes were removed and analyzed by agarose gel electrophoresis. These agarose gels were then exposed to Fuji RX film at -70°C for 2-5 days. Samples of pellets and supernatants were also analyzed by liquid scintillation counting.
In Situ Visualization. For light microscopic in situ visualization studies two different types of oligolabeled DNA fragments (A Hind111 fragments) were used: Following sperm-DNA interaction, as previously described, sperm samples were washed twice in BWW medium to remove unbound DNA. The manner in which slides were prepared depended on the detection system used. For system 1, the slides were prepared by cytospinning the samples onto slides at loo0 rpm for 5 min. As a control, porcine spermatozoa without DNA were cytospun onto a slide. A second slide was prepared by cytospinning the interacted spermatozoa with oligolabeled DNA. Detection of the label was carried out in situ on these slides using a strepavidin-peroxidase system (Histo-Stain SP kit, Zymed Laboratories, San Francisco), as described by McQuaid et al. [4] .
For system 2 , sperm samples were smeared onto slides and air-dried. These slides were then dipped into water for a few seconds and subsequently into 3 : 1 fixative (ethanol : acetic acid) for 10 min. The slides were then coated with a photographic emulsion (LM-1, Amersham, UK) and stored at 4°C for 4-5 days, prior to development of the autoradiographs.
RESULTS

Association of Foreign DNA with Porcine Spermatazoa
Following addition of 1 pg labeled X HindIII DNA to motile selected sperm and subsequent electroporation, an agarose gel autoradiograph was made of the various sperm pellet washes, P,-P, (Fig. 2) and supernatants (S,-S5 ). The pattern of labeled DNA retention in sperm pellets is clearly shown following 5 washes in BWW medium. Similarly, Fig. 3 shows end-labeled DNA fragments to sperm varied according to whether sperm were incubated with labeled DNA or electroporated. When sperm were incubated with the X Hind111 fragments ( Fig. 4) , all bands with the exception of the 0.5-and 0.125-kb bands appeared to bind to and be retained by sperm to an equivalent extent, as previously reported for the incubation method. However, unlike the incubation method, electroporated sperm appeared to retain the 0.5-kb band more readily (Fig. 4) . The results for the scintillation counts indicated that more labeled DNA was retained by sperm following electroporation (35 ng DNA/107 sperm after 5 washes) than by incubation alone. Incubation of sperm in the presence of labeled X Hind111 fragments resulted in only 22 ng DNA/107 sperm remaining associated after 5 washes in BWW medium.
Following electroporation with the p[RSV-bGH] DNA fragment the 4-and 1-kb bands appeared to be retained by the spermatozoa as indicated by the presence of these bands following 5 washes through BWW medium (Fig. 3) . The high intensity of label remaining in the wells of the gels for all pellet samples P,-P, (Figs. 2-4) suggested that some labeled DNA remained irreversibly bound to sperm during electrophoresis.
In Situ Visualization
Having established that foreign DNA bound to porcine spermatozoa, the distribution of the adherent label on spermatozoa was determined at the light microscopic level. Using biotinlabeled DNA (system 1) the adherent label was visualized using either streptavidin-peroxidase or streptavidin-fluorescein as a method of detection. In both cases, similar results were found, with the label being located on the sperm head and not on the sperm tail. Typically the post- acrosomal region of the sperm head was intensely stained (Fig. 5) . In a typical field, approximately 70-75% of the sperm gave a positive signal. The intensity of the staining varied, with some nuclear regions being more heavily stained than others. In the absence of biotinylated DNA no such signal was observed ( Fig. 6) . Similar results were obtained with both the streptavidin-peroxidase and streptavidin-fluorescein systems for recognition of biotinylated DNA. In the case of the second DNA labeling system, which utilized random primer labeling by [3H]deoxy-CTP, the labeled DNA appeared to be located predominantly in the postacrosomal region of the sperm head ( Fig. 7) . This confirmed our original result with the biotinylated DNA.
DISCUSSION
Lavitrano et al. [3] reported that washed mouse sperm could be used as vectors for the uptake of foreign DNA, and thus in the generation of transgenic mice. However, considerable controversy was engendered by the inability of other groups to repeat their work. We have previously reported [2] on the ability of porcine spermatozoa to bind labeled X Hind111 DNA fragments. Under the experimental conditions used, it was calculated that approximately 3.8 x lo2 DNA molecules were associated with each sperm [2] .
Since electroporation can be used to introduce DNA into bacterial and animal cells, this report investigated the ability of electroporation to introduce DNA into sperm cells. In the present study foreign DNA can bind to porcine sperm as a result of electroporation. This FIGURE 6 In situ visualization of electroporated porcine sperm using the streptavidinperoxidase system in the absence of DNA. No staining of post-acrosomal region was apparent.
x 1000. association between sperm and DNA appeared relatively stable and was resistant to multiple washing steps, gradient centrifugations, and prolonged dialysis (unpublished observation). The extent of binding did not vary significantly with time, temperature, or buffer conditions (data not shown), as previously reported for the incubation procedure [2] . The retention of DNA fragments varied according to their size. The 0.5-kb X Hind111 band was evident in the gel autoradiographs from electroporated sperm but not from sperm incubated with labeled DNA. Thus, it appeared that electroporation enhanced association of the 0.5-kb fragment with sperm when compared to incubation of sperm with DNA fragments alone (Fig. 4) .
Following electroporation with the p[RSV-bGH] DNA, fragments of both 4 and 1 kb were retained. This supports the conclusion that smaller size molecular weight fragments may be retained by sperm after electroporation.
When the localization of labeled DNA was investigated by in situ visualization using the streptavidin-biotin system, the results showed that not all of the sperm in the sample retained DNA, with some 20-30% of sperm showing no labeling whatsoever. This observation was supported by the results using [3H]deoxy-CTP oligo-labeled DNA and light microscope autoradiography. Electroporation in the presence of oligo-labeled DNA led to a 5-10% increase in the number of sperm binding DNA over that found following incubation of sperm with oligolabeled DNA [2] . In both cases the labeling of sperm was restricted specifically to the postacrosomal region of the sperm head.
Approximately 35 ng of DNA were bound to lo7 sperm following electroporation and five medium washes. This was a significant increase on the level of association following incubation of sperm with end-labeled DNA alone (22 ng). Future studies will indicate whether this association between DNA and porcine sperm is appropriate for the delivery, release, and subsequent integration of foreign DNA into the nuclei of porcine ova and the generation of transgenic pigs.
